Brenneria quercina has been reported as one of the causal agents of oak decline in Spain. To investigate the bacterial variability of this pathogen from different Spanish oak forests, a collection of 38 bacterial isolates from seven geographic locations and from different oak species was analysed by sequencing 16S rDNA and rep-PCR fingerprinting. All Spanish isolates of B. quercina were grouped by rep-PCR into a homogenous cluster that differed significantly from B. quercina reference strains from California. 16S rDNA analysis revealed that 34 out of 38 isolates were Brenneria. However, four isolates belonged to the genus Serratia, suggesting that this bacterium could cause cankers in oak trees. The information obtained by rep-PCR fingerprint analysis was used to develop PCR primers for the sensitive and specific detection of B. quercina from infected plant tissues. Pathogenicity tests performed with Brenneria and Serratia isolates showed that both were able to grow and cause cankers in oak trees.
Introduction
Brenneria quercina is the causal agent of drippy nut disease of oaks. Hildebrand & Schroth (1967) first described it in two Quercus species (Q. agrifolia and Q. wislizenii) in the interior valleys of central and northern California; drippy nut was characterized by the appearance of copious bacterial ooze from the acorns, which in most cases resulted in nut abortion. Brenneria quercina seemed to be restricted to the nut of these Quercus species in California until it was reported on Q. pyrenaica and Q. ilex in Spain (Soria et al., 1997) as responsible for bleeding cankers in the bark and oozing from buds (Biosca et al., 2003) . Strains of B. quercina were isolated from oak species in different geographic areas within Spain and characterized phenotypically (Soria et al., 1997; Biosca et al., 2003) . Relationships between B. quercina and other Enterobacteriaceae were investigated by comparison of nucleotide and peptide sequences and concatenated sequences (Hauben et al., 1998a; Young & Park, 2007) .
Little is known about the incidence of the disease caused by B. quercina and the genetic relationships among different isolates. 16S rDNA analysis is a widespread tool to determine the phylogenetic position of a group of isolates. A considerable part of the 16S rRNA gene is conserved in all bacterial genera, whereas a smaller part is variable; this enables genealogical distances to be estimated and phylogenies derived from them (Hauben etal, 1997; Kwon et al, 1997; Young etal., 2004; Ribbeck-Busch etal, 2005; Young & Park, 2007) . Using the 16S rDNA sequence, species of the Brenneria genus were grouped in a cluster and its position within the Enterobacteriaceae determined (Kwon et al, 1997; Hauben etal, 1998a; Sproer etal, 1999; Brown etal, 2000; Young & Park, 2007) .
Several molecular methods are used to rapidly identify and classify pathogenic bacteria. Rep-PCR genomic fingerprinting with Enterobacteriaceae repetitive intergenic consensus (ERIC) and repetitive extragenic palindromic (REP) primer sets were developed for this purpose (Stern et al, 1984; Hulton etal, 1991; Versalovic et al, 1991; Louws et al, 1994) . Rep-PCR is a powerful, sensitive and reproducible technique to characterize, detect and identify pathogenic bacteria through their genetic profiles (Dawson et al., 2002; Barionovi et al., 2006) .
The objective of this work was to classify bacteria isolated from diseased oak trees from different sites in Spain using 16S rDNA analysis and rep-PCR analysis. A new PCR-based diagnostic test, based on the rep-PCR results for detection of B. quercina in plant tissues, is also reported.
Materials and methods

Microbiological methods
Sources of bacterial isolates used in this study are listed in Table 1 . Isolations were made from infected material as previously described (Biosca et al., 2003) . Briefly, isolations were made on King's B (KB) medium (King et al., 1954) plus cycloheximide (250 jig mL" 1 ), and after 48-72 h at 25°C, Brenneria-like colonies were subcultured. Isolates were kept at -80°C in Hogness freezing medium [final concentration: 3-6 mM K 2 HP0 4 , 1-3 mM KH 2 P0 4 ,1 mM MgS0 4 , 2 mM sodium citrate, 4-4% (v/v) glycerol]. Bacterial identification was performed using the Biolog system (Biolog Inc.) following the manufacturer's recommendations and the identification was completed according to Biosca et al. (2003) . Brenneria and Serratia strains were cultivated in KB medium at 28°C.
Pathogenicity assays
Three isolates were selected for the pathogenicity test: strain N-78a from Q. pyrenaica, IVIA-1467a from Q. pyrenaica and N-77 from Q. ilex; 10 mM MgCl 2 was used as a negative control.
Four Q. pyrenaica (6-7 years old) and nine Q. ilex (2-3 years old) trees were inoculated per bacterial strain with a suspension containing 10 9 bacterial cells in 1 mL of 10 mM MgCl 2 , applied to a small cavity in the trunk created with a cork borer (2 mm diameter). The trees were incubated in a greenhouse (28°C/70% RH) and 3 months after inoculation, the external bark from inoculated trees was removed from the canker; bacteria were isolated from this ooze and identified with the Biolog system.
ERIC and rep-PCR genotyping
Bacterial genomic DNA was extracted using the GenomicPrep M Cells and Tissue DNA Isolation Kit (Amersham Biosciences) following the manufacturer's instructions. PCR reactions were performed in a final volume of 25 flh with the following components: 15 ng DNA template, 50 pmol oligonucleotides (ERIC or REP), 1-25 mM dNTPs, 2 U AmpliTaq Gold DNA polymerase (Applied Biosystems), 2-5 mM MgCl 2 , and 2-5 flh of lOx concentrated stock of PCR buffer. The sequence of the primers used were: ERIC-a 5'-ATGTAAGCTCCTGGGGATTCAC-3' and ERIC-b 5'-AAGTAAGTGACTGGGGTGAGCG-3' (Hulton etal, 1991) ; REP-a 5'-RCGYCTTATCMGCGGTAC-3' and REP-b 5'-NNNRCGYCGNCATCMGGC-3' (Stern et al, 1984) . Each primer pair was 5'-labelled with one of the following fluorescent dyes: 6-FAM for ERIC and HEX for REP (Applera).
PCR reactions were performed in a Perkin Elmer 9600 thermocycler with the following conditions: initial denaturing (95°C, 7 min), 30 cycles of denaturing (94°C, 1 min), annealing (ERIC 52°C, 1 min; rep 44°C, 1 min) and extension (65°C, 8 min); and a final extension (65°C, 15 min) (Louws etal, 1994) . Aliquots (2 jih) of PCR products were mixed with 12 flh of formamide and 0-5 jiL of red-DNA size standard (GENESCAN-500 ROX, Applera). Samples were denatured at 94°C for 3 min and separated by capillary electrophoresis at 15 kV for 30 min in an ABI Prism 310 DNA Sequencer (Applera). Results were analysed by using GENESCAN analysis software 3-1 (Applera). This system was used to obtain genetic profiles for each bacterial isolate. All experiments were repeated twice under the same conditions. 16S rDNA amplification and sequencing 16S rDNA PCR amplification of different isolates was performed following Hauben et al. (1997) : total reaction volume was 50 flh and contained 2-5 ng of DNA template, 200 /1M dNTPs, 2-5 mM MgCl 2 , 2 U of AmpliTaq Gold DNA polymerase, 50 pmol of each oligonucleotide and 5 flh lOx concentrated stock of PCR buffer. The primers used were: 16F27 5'-AGAGTTTGATCMT-GGCTCAG-3' and 16R1525 5'-TTCTGCAGTCTA-GAAGGAGGTGWTCCAGCC-3' (Hauben etal, 1997) . Amplification was performed in a Perkin Elmer 9600 thermocycler with an initial denaturing temperature of 95°C for 7 min, followed by 25 cycles of denaturation (94°C, 1 min), annealing (55°C, 1 min) and extension (72°C, 2 min), with a final extension of 68°C for 7 min (Hauben et al, 1997) . The amplified fragment was purified and sequenced in a 377 DNA automated sequencer (Perkin Elmer). Sequence alignments were performed at the internet site of the National Center for Biotechnology Information (http://www4.ncbi.nlm.nih.gov) with the BLAST network service (Altschul et al, 1997) . In addition to the former primers used for amplification, another primer pair was used to complete the DNA sequence: 16R1087 5'-CTCGTTGCGGGACTTAACCC-3' and 16F530 5'-TTCGTGCCAGCAGCCGCGG-3' (Hauben etal, 1997) .
Data analyses
Genetic profiles obtained by ERIC and rep-PCR from capillary separation were combined and converted into a binary matrix on the basis of presence/absence. To estimate similarity between different isolates, the simple matching algorithm was used (Nei, 1972) . A dendrogram was built showing similarity between isolates after applying the UPGMA method (Sneath & Sokal, 1973) . The concordance of the similarity data obtained from the analyses of ERIC and REP primers was determined with the Mantel test (Mantel, 1967) . Similarity matrices and dendrograms were constructed using NTSYS-pc 2-0 (Exeter Software). To determine the degree of significance, a bootstrap was made using the TFPGA (tools for population genetic analysis) 1-3 software (Efron, 1982; Manly, 1997) . 16S rDNA sequences were aligned and a similarity matrix was generated using the method described by Maidak etal. (1996) . Dendrograms were obtained using the UPGMA method.
Development of PCR primers specific for B. quercina
The primer pair REP-a and REP-b with no 5'-label was used to specifically amplify bacterial DNA (Stern et al., 1984) for the detection of B. quercina using the above described conditions. Amplified DNA products (10 flh for rep-PCR) were analysed by electrophoresis in 1-5% agarose gel containing a 0-75x dilution of the standard TAE buffer (Sambrook et al., 1989) and ethidium bromide (1 jig mL 4 ) at 30 V for 20 h and were detected by UV transillumination. A 517-bp DNA fragment specific for B. quercina isolates (see Results) was cloned into the pGEM®-T Easy vector (Promega Corporation), according to the manufacturer's instructions. Two primers, REP-517-a and REP-517-b (sequences 5'-GTCAACATAACAGCGACTAC-3' and 5'-CACG-TATCGCATTGATTCTG-3', respectively) (Roche Diagnostics) were designed and synthesized to target the cloned B. quercina REP-amplified fragment.
Specific amplification of the 517-bp fragment was performed using this primer pair and 20 ng of B. quercina DNA template in a total reaction volume of 50 flh, containing 5 flh of lOx concentrated stock of PCR Gold Buffer with no MgCl 2 (Applied Biosystems), 5 jlh of 25 mM MgCl 2 solution (Applied Biosystems), 8 flh of 10 mM dNTP mix, 04 /iM primers and 2 U of AmpliTaq Gold M . Conditions for amplification were optimized and carried out as follows: an initial denaturation at 95°C for 7 min, after which 30 cycles of denaturation (30 s at 95°C), primer annealing (30 s at 60°C) and primer extension (40 s at 72°C) were performed, followed by a final extension at 72°C for 10 min (Hauben et al., 1998b) .
The sensitivity of this method was first estimated in bacterial suspensions and on natural samples of acorn oozes by preparing decimal dilutions (from 10 9 to 1 CFU mL 4 ) of B. quercina cultures in 10 mM MgCl 2 buffered saline. These dilutions were used for PCR and plated on KB medium to determine the cell concentration of B. quercina. One millilitre of each dilution was centrifuged (10 000 g for 10 min) and the bacterial pellet was resuspended in 1 mL of water. Aliquots (5 flh) were then heated for 5 min at 95°C, cooled on ice, and subjected to PCR. To test the validity of this system for the detection of B. quercina in infected oak leaves, 100 flh of decimal (from 10 9 to 1 CFU mL 4 ) B. quercina dilutions were injected into young Quercus leaves. These dilutions were plated on KB medium to determine the cell concentration of B. quercina. After 24 h, the samples were prepared to PCR following the method described by Llop et al. (1999) . Negative controls with uninfected plants were included in every DNA extraction series.
Results
Field sampling
A total of 38 Quercus samples from several species of trees affected by oak decline were collected in different areas of Spain and bacteria were isolated from the samples (Table 1) . Symptoms were found in bark, acorns and buds (Fig. 1) . One of the most characteristic symptoms found were canker lesions in the bark of the infected trees. In acorns and buds, the most typical symptom was oozing of plant sap (Fig. 1) , which in some cases resulted in acorn abortion (Fig. 1) . In more than 90% of cases a single dominant bacterial type was isolated from the infected tissue. The homogeneity of the colonies was confirmed by analysing an appropriate number of colonies of each isolate with Biolog-GN microplates.
Purified cultures of Brenneria-like colonies, isolated from infected trees, were identified by metabolic profile analysis using Biolog-GN microplates. The results obtained indicated that most isolates, and the corresponding B. quercina type strains, had a very similar metabolic profile ( Table 2 ), confirming that the Brenneria-Yike isolates were in fact B. quercina. Exceptions were strains 1251-4, 1251-5, N-78a and N-78b, which showed similar colony morphology, but differed in the results of some of the tests and formed a homogenous group different from the others (Table 2) , although this results was not easily confirmed. It should be noted that in a previous work with the Biolog system (Klingler et al., 1992) , when attempts were made to identify Serratia species, the system did not work properly. Similarly, when the group of isolates named as Serratia in the present study were characterized using 16S sequencing, the Biolog system was unable to identify them (data not shown). 
Pathogenicity assays
The symptoms typical of bacterial canker described by Biosca et al. (2003) , were reproduced after inoculation of two Quercus species with bacterial isolates of B. quercina and Serratia spp. Quercus Hex and Q. pyrenaica trees were inoculated with two isolates identified as B. quercina (IVIA-1467a and N-77), one isolate identified as a Serratia spp. (N-78-a) and with 10 mM MgCl 2 as a negative control (Fig. 2) . Attempts to reisolate the inoculated isolates from bark canker lesions were successful, with identity confirmed by the Biolog system.
Molecular characterization of field isolates
Molecular profiles from 42 isolates (38 field isolates and four B. quercina reference strains) were obtained by rep-PCR and gel electrophoresis (Fig. 5) . In addition the bands were separated by capillary electrophoresis and these data were used for further analysis, as described in Materials and methods. To test the reproducibility of the system, the experiments were repeated using identical PCR conditions and DNA from different bacterial cultures obtained under the same experimental conditions. In all cases, the DNA banding pattern obtained was the same. The primer pairs used in this study gave a total of 144 distinct DNA fragments, ranging from 40 bp to 850 bp in length. The numbers of amplified fragments obtained with ERIC and REP primers were 84 and 60, respectively, UPGMA dendrograms produced using data from ERIC and REP primers were very similar; a positive correlation between the ERIC and REP datasets was confirmed using the Mantel test (^ERIC-REP = 0-813). Therefore, the results from the ERIC and REP systems were combined into a single matrix and a unique dendrogram generated (Fig. 3) .
The dendrogram revealed that the B. quercina isolates could be differentiated into three groups: clusters I, II and III, whose branches were statistically significant according to the bootstrap test (Nei, 1972) (Fig. 3) . Cluster I comprised most of the Spanish field isolates, cluster II included the B. quercina reference strains, and cluster III included isolates 1251-4, 1251-5, N-78a and N-78b. Isolates 1251-4 and 1251-5 were both obtained from Q. ilex, from the same focus in Madrid; N-78a and N-78b were obtained from Q. pyrenaica, from the same focus in Burgos. These four isolates showed a metabolic profile very different from all the other isolates (Table 2) . Moreover, these four could be divided into two subgroups: one corresponding to 1251-4/1251-5, and the other including N-78a/N-78b. These four isolates from cluster III were genetically distant from the other field isolates and from B. quercina type strains (Fig. 3) .
There was no correlation with host or region within Spain for isolates examined (Fig. 3) .
Phylogenetic analyses based on 16S rDNA sequence
The 16S rDNA genes from one selected isolate of the B. quercina group (isolate 1940-1, cluster I; GenBank Ace. No. EF534571) and from two isolates of cluster III (1251-5, Ace. No. EF534570; and N-78b, Ace. No. EF534572) were amplified and sequenced. A dendrogram based on these sequences and the sequence data available in the Ribosomal Database Project (Larsen et al., 1993) Hauben et ah (1998a) was built according to the UPGMA method, in order to determine the phylogenetic position of these three isolates within the enterobacterial group. Isolate 1940-1 showed 99-2% nucleotide similarity to B. quercina 16S rDNA, clustering in group III, whereas N-78b and 1251-5 showed 97-3 and 97-6% similarity, respectively with 16S rDNA from Serratia rubidaea (DSM 4480 strain) ( Fig. 4 ; Table 3 ).
Development of a specific PCR protocol for detection of B. quercina
Two DNA fragments of c. 500 bp obtained in rep-PCR fingerprints visualized by gel electrophoresis appeared in all B. quercina isolates, whereas they were not present in isolates of other bacteria, including Serratia (Fig. 5 ). These two fragments were cloned and sequenced; one was selected for further investigation. Primers REP-517-a and REP-517-b were designed for specific amplification of a 517-bp fragment (ace. no. EF534573). The amino acid sequence corresponding to the amplified fragment showed 86% identity with the DNA repair protein RecN from Escherichia coli.
To confirm the specificity of the primers, DNA from 57 isolates, comprising 34 field isolates of B. quercina, four field isolates of Serratia and 19 reference strains (Table 1) were tested by PCR using primers REP-517-a and REP-517-b. Spanish isolates of B. quercina from different geographical origins and recovered in different oak species and Californian isolates yielded a DNA fragment of 517 bp, whereas no band resulted from the amplification of the DNA of any of the following bacterial species: E. coli, B. rubrifaciens, B. nigrifluens, B. salicis, B. alni, Pantoea agglomerans, P. stewartii Figure 4 UPGMA dendrogram depicting the estimated phylogenetic relationships among Enterobactenaceae strains and Serratia strains, based on pairwise comparisons of nearly complete 16S rDNA sequences. 16S rDNA sequences for strains determined in this study are shaded, the rest of the sequence was obtained from the Ribosomal Database Project (Larsen etal., 1993) and from (Hauben etai, 1998a) . The distance between two species was obtained by summing the lengths of the connecting horizontal branches using the bottom scale (% sequence divergence). Group I, II, III and IV represent the genera Erwinia, Pectobacterium, Brenneria and Pantoea, respectively (Hauben etal., 1998a) . See Table 3 for expanded names of Group II and IV species.
concentration of 10 2 CFU mL 4 (Fig. 6a) . In natural samples of acorn ooze the detection limit obtained was 10 2 -10 3 CFU mU 1 (Fig. 6b ). This lower sensitivity may have resulted from the chemical complexity of acorn ooze compared with the pure bacterial culture sample. In infected plant material, the amplification of the 517-bp band was detected on agarose gels at all bacterial concentrations above 10 2 CFUmU 1 (Fig. 6c) .
Discussion
The genetic diversity of bacteria associated with symptoms of drippy nut and bacterial canker disease in oak forests of the Spain was investigated. DNA profiles of 42 bacterial isolates (38 field isolates and four B. quercina reference strains) from different oak species and from several geographic locations were obtained by rep-PCR, which was combined with a capillary electrophoresis analysis system. A dendrogram differentiated three clusters: cluster I, in which almost all the Spanish isolates were located; cluster II, containing B. quercina type strains from California; and cluster III, which contained four Spanish field isolates.
Most of the Spanish isolates (except N-78a, N-78b, 1251-4 and 1251-5) were grouped into cluster I. No significant differences could be found between the branches in this group, indicating a lack of subgroups or subpopulations in the Spanish isolates group. The data from rep-PCR were in accord with those obtained by Biolog identification and 16S rDNA sequence analysis, Table 3 Similarity values determined from pairwise comparisons among 16S rDNA gene sequences. Shaded grey dates indicate sequences obtained in the present work; remainder are from the Ribosomal Database Project (Larsen etal., 1993) indicating that most of the Spanish isolates corresponded to B. quercina. Moreover, these B. quercina Spanish isolates were closely related to other Brenneria spp., such as B. alni, B. nigrifluens and B. salicis, whose natural hosts are woody plants (Hauben et al., 1998a) . Although the samples were collected in different geographic areas of Spain and from different oak species, no clear relation could be found between strains and geographic origins and/or natural hosts. The fact that B. quercina reference strains from California belonged to a different cluster than the B. quercina Spanish field strains, suggests a divergence between these groups of isolates but further data will be needed to investigate the origin of Spanish isolates of B. quercina.
Cluster III contained Spanish isolates N-78a, N-78b, 1251-4 and 1251-5 and was genetically distant from the B. quercina isolates in cluster I. 16S rDNA sequences from these strains were compared with previously reported data (Kwon et al., 1997; Hauben et al., 1998a) . Isolates N-78b and 1251-5 showed 97-3 and 97-6% similarity, respectively, to the S. rubidaea type strain. When the other B. quercina field isolates were subjected to the same analysis, 99-2% similarity to B. quercina type strain was obtained. The 16S rDNA sequence analysis clearly showed that strains N-78a, N-78b, 1251-4 and 1251-5 belonged to the genus Serratia.
Certain pathogenic bacteria have a wide range of hosts and can be found in several niches. For example, Fantoea agglomerans (formerly Erwinia herbicola/Enterobacter agglomerans) is associated with plants as an epiphyte or a pathogen, but can also be found as an opportunistic pathogen in humans. Serratia sp. is also an opportunistic human pathogen that can be found in plants (Grimont et al., 1977; Grimont & Grimont, 1984) . Serratia species are phylogenetically close to the former Erwinia genus, which included Brenneria (Grimont et al., 1977; Hauben et al., 1998a; Sproer et al., 1999) . Different virulence systems have been described in Serratia which share common features with other bacterial phytopathogens, such as the P. carotovorum hexA gene, implicated in the regulation of pectolytic enzymes (Harris et al., 1998) or the S. marcescens rap gene, homologous to the Erwinia hor genes, which has been implicated in the regulation of antibiotic production and exo-enzymes, which in turn are involved in pathogenicity (Thomson et al., 1997) .
Pathogenicity tests suggested that the Spanish B. quercina and Serratia isolates are able to survive and grow on oak trees, and to produce bark symptoms. Also, the fact that the studied isolates satisfied Koch's postulates supports the hypothesis that both bacteria are causal agents of oak disease. The pathogenicity of Brenneria is well described (Hildebrand & Schroth, 1967; Biosca et al., 2003) , whereas Serratia has not been previously reported as a plant pathogen. The data point to the possibility of the latter isolates being pathogens of trees, but confirmation between field symptoms and Serratia isolates it is still required. Alternatively Serratia spp. may be secondarily associated with infected oaks as a saprophyte and displaces B. quercina at later stages of the disease.
Additionally in this work, PCR primers have been developed for the specific detection of B. quercina in liquid culture, acorn ooze and inoculated Quercus leaves. The specificity of these primers was demonstrated by absence of amplification of the unique fragment in 16 bacterial species phylogenetically related to B. quercina (including E. coli) , although the possibility cannot be excluded that another bacterial field isolate could yield a positive result. Clearly, the specificity of the primers is not caused by the absence of the sequence corresponding to the recN gene, since this gene is widely conserved among the enteric bacteria. The data indicate that the sensitivity of the method is high, enabling the detection of B. quercina in concentrations as low as 10 2 CFU mL 4 . This sensitivity is in line with other reports using PCR-based detection methods (Hauben et al.,1998b; Penyalver et al., 2000) . These are the first primers for the specific detection and identification of B. quercina and will be useful for the diagnosis of this pathogen in plant material showing symptoms and for the detection of its epiphytic and endophytic presence, which may improve knowledge of the epidemiology of this poorly studied bacterium.
